Long-term recombinant AAV (rAAV) transgene expression in muscle has been associated with the molecular conversion of single-stranded rAAV genomes to high-molecular-weight head-to-tail circular concatamers. However, the mechanisms by which these large multimeric concatamers form remain to be defined. To this end, we tested whether concatamerization of rAAV circular intermediates occurs through intra-or intermolecular mechanisms of amplification. Coinfection of the tibialis muscle of mice with rAAV alkaline phosphatase (Alkphos)-and green fluorescent protein (GFP)-encoding vectors was used to evaluate the frequency of circular concatamer formation by intermolecular recombination of independent viral genomes. The GFP shuttle vector also encoded ampicillin resistance and contained a bacterial origin of replication to allow for bacterial rescue of circular intermediates from Hirt DNA of infected muscle samples. The results demonstrated a timedependent increase in the abundance of rescued plasmids encoding both GFP and Alkphos, which reached 33% of the total circular intermediates by 120 days postinfection. Furthermore, these large circular concatamers were capable of expressing both GFP-and Alkphos-encoding transgenes following transient transfection in cell lines. These findings demonstrate that concatamerization of AAV genomes in vivo occurs through intermolecular recombination of independent monomer circular viral genomes and suggest new viable strategies for delivering multiple DNA segments at a single locus. Such developments will expand the utility of rAAV for splicing large gene inserts or large promoter-gene combinations carried by two or more independent rAAV vectors.
Adeno-associated virus (AAV) is a unique, nonpathogenic member of the Parvoviridae family of small, single-stranded DNA animal viruses. The linear genome of wild-type AAV (wtAAV) is 4,680 nucleotides in length, may be of either plus or minus polarity, and contains two groups of genes, the Rep and Cap genes (3) . Inverted terminal repeats (ITRs), characterized by palindromic sequences producing a high degree of secondary structure, are present at both ends of the viral genome. While other members of the parvovirus group replicate autonomously, AAV requires coinfection with a helper virus (i.e., adenovirus or herpesvirus) for productive replication. In the absence of helper virus, wtAAV establishes a latent, nonproductive infection with long-term persistence by integrating into a specific locus, AAVS1, on chromosome 19 of the host genome. Site-specific integration of AAV has been shown to require expression of the AAV Rep protein (16) .
In studies crucial to the development of AAV as a gene therapy vector, methods were developed for propagating recombinant AAV type 2 (rAAV) by inserting therapeutic or reporter genes between two ITRs in place of the AAV Rep and Cap genes (23, 24) . rAAV has been shown to be capable of stable, long-term transgene expression both in vitro and in vivo in a variety of tissues, although the transduction efficiency of rAAV is markedly variable in different cell types. For example, rAAV has been reported to transduce lung epithelial cells at low levels (6, 11) , while high-level, persistent transgene expression has been demonstrated in muscle cells, neurons, and other nondividing cells (2, 8, 12, 13, 15, (28) (29) (30) . These tissue-specific differences in rAAV-mediated gene transfer may be due, in part, to variable levels of cellular factors affecting AAV infectivity (i.e., receptors and coreceptors such as heparan sulfate proteoglycan, FGFR-1, and ␣V␤5 integrin) (21, 25, 26) , as well as the latent life cycle (i.e., nuclear trafficking of virus and/or the conversion of single-stranded genomes to expressible forms) (20, 22) .
These studies have underscored the potential of rAAV as a gene therapy vector, but they indicate that additional investigation into the mechanisms of transduction and genome persistence in tissues such as muscle may further broaden the utility of this vector for delivering therapeutic genes to other cell types. Although persistence of rAAV has been traditionally attributed to integration, supporting evidence for efficient integration is limited to a recent study with liver (18) . Due to deletion of the Rep gene, rAAV does not integrate site specifically at AAVS1. Rather, persistence of rAAV has been attributed to both episomal (1, 5, 10) and randomly integrated (9, 14, 17, 19) AAV genomes. In a recent report, the existence of circular rAAV genomes in muscle was demonstrated, and their episomal persistence correlated with long-term transgene expression (5) . These genomes appear to originate through a monomeric circularization process leading to head-to-tail AAV circular genomes. However, over time (between 22 and 80 days), there is a decline in monomer circular intermediates in favor of high-molecular-weight circular concatamers (5, 27) . Presently little is known about the mechanisms which lead to formation of these high-molecular-weight concatamers or whether they represent preintegration intermediates. However, one report has suggested that rolling-circle replication may be responsible for the uniformity of head-to-tail concatamers (27) .
In the present study, we sought to further characterize potential mechanisms involved in the formation of rAAV circular concatamers associated with long-term episomal persistence and transgene expression in muscle. To address this mechanism, we utilized an approach capable of assessing intermolecular recombination between independently formed circular intermediates by coinfecting muscles with two independent rAAV vectors (green fluorescent protein [GFP] and alkaline phosphatase [Alkphos] ) and shuttling circular genomes into bacteria for structural analysis. From these studies we demonstrate a time-dependent increase in coexpression of the two FIG. 1. Mechanistic scheme for determining pathways for rAAV circular concatamer formation. (A) The two independent vectors used in these studies, AV.Alkphos and AV.GFP3ori. Restriction sites important in the structural analysis of circular intermediates are also shown. RSV, Rous sarcoma virus promoter; CMV, cytomegalovirus promoter. (B) Schematic representation of two potential models for circular concatamer formation, along with the proposed methods to experimentally differentiate which of these two processes is active in muscle. Following coinfection of the tibialis muscle with AV.Alkphos and AV.GFP3ori, all subsequently rescued plasmids arise solely from circular intermediates containing AV.GFP3ori genomes. If rolling-circle replication is the sole mechanism of concatamerization, only GFP-expressing plasmids should be rescued. In contrast, if intermolecular recombination between independently formed monomer circular intermediates is the mechanism of concatamerization, both GFP-expressing and GFP-and Alkphos-expressing plasmids should be rescued. This figure is diagrammatically sketched and is not drawn to scale. A short staining time (7 min) was necessary to observe variation in staining levels for comparison to GFP. In experiments not shown, it was found that a longer staining times (30 min) saturated the Alkphos signal. The boxed regions in panels B and BЈ are enlarged in panels C and CЈ, respectively. (D) A more precise correlation of GFP and Alkphos staining in myofibers. Colocalization of GFP and Alkphos expression was examined in the same section of a 120-day-postinfection sample. This was performed by photographing the GFP fluorescent image prior to staining markers genes within single plasmids rescued from muscle Hirt DNA. These studies demonstrate that intermolecular recombinational events between monomer circular intermediates are, at least in part, responsible the formation of high-molecular-weight circular forms of rAAV.
MATERIALS AND METHODS
rAAV vectors. Two rAAV vector stocks were generated for use in these studies, AV.GFP3ori (5) and AV.Alkphos (also known as CWRAPSP, a gift of Dusty Miller) (11) . Virus stocks were generated by cotransfection of 293 cells with either pCisAV.GFP3ori or pCWRAPSP along with pRep/Cap, followed by coinfection with recombinant Ad.CMVlacZ helper virus (5) . rAAV was then purified through three rounds of CsCl density gradient centrifugation as previously described (4) . Purified viral fractions were heated at 60°C for 1 h to inactivate any residual contaminating helper adenovirus. The yields for AV.GFP3ori and AV.Alkphos were 1 ϫ 10 12 and 7 ϫ 10 11 particles per ml, respectively, as determined by slot blot hybridization with 32 P-labeled GFP or Alkphos probes. Infectious titers determined by infection of 293 cells with rAAVs were 1.1 ϫ 10 9 (AV.GFP3ori) or 8.6 ϫ 10 8 (AV.Alkphos) infectious units per ml. Controls testing for contamination of rAAV stocks with wtAAV by anti-Rep immunocytochemical staining in rAAV-and Ad.CMVlacZ-coinfected 293 cells were negative (the limit of sensitivity is less than 1 infectious wtAAV particle per 10 10 DNA particles of rAAV). Similarly, histochemical staining for ␤-galactosidase in rAAV-infected 293 cells showed no detectable contamination with helper adenovirus in 10 10 DNA particles of rAAV (limit of sensitivity). Infection of muscle tissue and evaluation of transgene expression. The C57BL/6 mice used for these experiments were housed in a virus-free animal care facility and were maintained according to strict University of Iowa and National Institutes of Health guidelines, using a protocol approved by the Animal Care and Use Committee and facility veterinarians. Four-to 5-week-old mice received bilateral 30-l injections of a mixture of AV.GFP3ori and AV.Alkphos into the tibialis anterior muscle (5 ϫ 10 9 DNA particles of each virus per muscle). Controls included uninjected muscles and muscles receiving injections of one of the viruses alone. At 14, 35, 80, and 120 days postinfection, animals were euthanized and tissues were harvested for evaluation of transgene expression and preparation of low-molecular-weight Hirt DNA. For each experimental time point, Hirt DNA from at least three independently injected muscles was evaluated and at least two tissue samples from each group were evaluated for expression of GFP and Alkphos in at least 10 sections.
In all experiments, GFP fluorescence was visualized in freshly excised muscle tissue prior to processing. A portion of the same muscle was fixed with 2% paraformaldehyde in phosphate-buffered saline and cryoprotected in graded sucrose solutions before embedding in optimal-cutting-temperature medium. Sections (6 m) were then evaluated for GFP expression directly and for Alkphos expression following heat inactivation of endogenous Alkphos and histochemical staining for Alkphos activity as previously described (7) . To confirm dual localization of GFP and Alkphos expression in the same muscle fibers, either serial sections were evaluated for GFP and Alkphos expression or the same section was first photographed for GFP expression followed by histochemical staining for Alkphos and reimaging of the same field.
Rescue of circular intermediates from muscle Hirt DNA. Low-molecularweight Hirt DNA was prepared from 20-mg specimens of injected muscles from three animals at each time point as previously described (5) . Yields of Hirt DNA were typically ϳ5 g of DNA/20 mg of tissue. Hirt DNA (4 l, one-fifth of the total volume; approximately 1 g) was then used to transform 50 l of electrocompetent SURE cells (Stratagene) by using a Bio-Rad Escherichia coli electroporater and 0.1-m cuvettes. Colonies resulting from each bacterial transformation were quantified, and plasmids from 20 colonies from each muscle Hirt DNA sample were purified for analysis. It should be noted that only circular forms carrying the Amp r gene and the bacterial origin of replication from AV.GFP3ori will be rescued by bacterial transformation (5). As previously described, control experiments reconstituting 5 ϫ 10 10 viral DNA particles (ϳ0.14 g of viral DNA) into uninfected muscle extracts prior to Hirt DNA preparation failed to give rise to replication-competent plasmids in the rescue assay (5) . Additional controls in this previous study using AV.GFP3ori virus also demonstrated that linear double-stranded and single-stranded purified viral DNA genomes do not give rise to replication-competent plasmids following transformation into E. coli.
Characterization of genes in rescued circular intermediates. Several assays were used to characterize the extent of intermolecular recombination between independent circular viral genomes by evaluating the number and type of genes in rescued plasmids from Hirt DNA of muscles coinfected with AV.GFP3ori and AV.Alkphos. Our first analysis involved the bulk evaluation of 60 rescued plasmids (20 from each of three muscle samples for each time point) by dot blot hybridization of miniprep DNA against GFP, Alkphos, and Amp r gene 32 Plabeled DNA probes. In these studies, Amp r gene hybridization served as a control to show that there was a sufficient quantity of DNA for the analysis. The percentages of Alkphos-and/or GFP-hybridizing plasmids were calculated by this method for each muscle sample. From this percentage, the total number of plasmids hybridizing to each probe in the Hirt DNA sample was calculated from the total CFU obtained in each transformation. In this analysis, each muscle sample was evaluated independently to determine the mean (Ϯ standard error of the mean [SEM]) total Alkphos-and/or GFP-hybridizing plasmids. A second evaluation involved the transfection of rescued plasmids into 293 cells by using Lipofectamine, followed by evaluation of GFP fluorescence and histochemical staining for Alkphos. To confirm that GFP-and Alkphos-coexpressing plasmids were indeed clonal and that both genes were carried on the same plasmid, a selected group of five coexpressing plasmids were retransformed into E. coli, and colonies were reisolated prior to repetition of the transfection studies. In all cases, plasmids coexpressing the two reporter genes remained clonal through this subsequent reisolation.
Structural analysis of concatamer rAAV circular intermediates. To further characterize the nature of isolated circular intermediates coexpressing both GFP and Alkphos transgenes, we mapped their plasmid structures by Southern blotting and restriction enzyme analysis. The structures of five coexpressing circular intermediate plasmids were determined by digestion with AhdI, HindIII, NotI, HindIII-NotI, ClaI-AseI, and/or SnaBI, and Southern blotting was performed with 32 P-labeled GFP, Alkphos, and ITR probes.
RESULTS
Strategy for characterizing mechanisms of rAAV circular intermediate formation. Efficient circularization of rAAV genomes has been previously demonstrated to occur in muscle in a time-dependent fashion (5). Furthermore, the conversion of monomeric to multimeric circular rAAV intermediates occurred over time and was associated with long-term episomal persistence of AAV genomes. We hypothesized that high-molecular-weight AAV circular genomes might form by either of two mechanisms, one involving the replication of monomer structures and the other involving intermolecular recombination between independent monomers. To evaluate these hypotheses, we developed a rescue assay using two separate rAAV vectors, AV.GFP3ori and AV.Alkphos (Fig. 1A) , which allowed for the identification of independent viral genomes through unique transgenes. In this assay, circular-form genomes were rescued in bacteria by virtue of Amp r gene and ori sequences carried in one of the two vectors (AV.GFP3ori). Using these vectors, we proposed a method for characterizing the extent of intermolecular recombination between independent circular rAAV genomes (Fig. 1B) .
Coexpression of independently carried rAAV transgenes in muscle myofibers. To test our hypotheses regarding intermolecular recombination between circular viral genomes, it was first necessary to confirm that myofibers could be coinfected at a high efficiency with the two rAAV vectors. The tibialis anterior muscles of mice were coinfected with 5 ϫ 10 9 DNA particles of both AV.GFP3ori and AV.Alkphos. At 14, 35, 80, and 120 days postinfection, muscles were harvested and analyzed for transgene expression. As previously reported, transgene expression from both reporters was weak but clearly visible in 14-day muscle samples (reference 5 and data not shown). By 80 days postinfection, transgene expression was maximal and serial sections demonstrated expression of both Alkphos and for Alkphos activity. The left panel of panel D shows a high-power Nomarski photomicrograph of a group of myofibers (traced in red), while the corresponding GFP and Alkphos (AP) staining patterns are shown in the right panel. Photomicrographs of Alkphos staining were taken with a red filter to allow for superimposition of staining patterns with GFP fluorescence. Coexpression of Alkphos and GFP is shown within myofibers as a yellow-orange color. Myofibers are marked as follows: Ϫ, negative for both Alkphos and GFP; ‫,ء‬ positive for only GFP; and ϩ, positive for both GFP and Alkphos. All tissue samples were evaluated by whole mount for GFP expression prior to Hirt DNA preparation. We evaluated at least two tissue samples from each time point for colocalization studies of Alkphos and GFP, for which at least 10 sections were analyzed.
GFP transgenes in overlapping regions of the muscle ( Fig. 2A  to C) . At this time point, approximately 50% of the fibers in the tibialis muscle expressed both transgenes. To confirm that coinfection of myofibers occurred with the two independent vectors, colocalization studies were performed on muscle sections by a serial staining procedure. These studies, depicted in Fig. 2D , demonstrate four classes of myofiber transgene expression: (i) GFP positive only, (ii) Alkphos positive only, (iii) GFP and Alkphos positive, and (iv) no transgene expression. The largest fraction of myofibers expressed both GFP and Alkphos transgenes. These results confirm that at the titers of virus used for infection, coinfection occurred in greater than 90% of transgene-expressing myofibers.
Rescue of bifunctional rAAV circular intermediates increases over time. To determine the extent of recombination between circular AAV genomes, circular-form genomes were rescued as plasmids from low-molecular-weight Hirt DNA of muscle tissue coinfected with AV.GFP3ori and AV.Alkphos. Following transformation of E. coli Sure cells with Hirt DNA purified from infected muscles, the total number of GFP-and Alkphos-hybridizing Amp r bacterial plasmids was quantitated for each time point postinfection (Fig. 3A and B) . As previously demonstrated (5), the abundance of circular AAV genomes rescued from AV.GFP3ori increased over time. For each muscle sample (three for each time point) 20 plasmid clones were evaluated for hybridization to GFP and Alkphos DNA probes, and the total number of plasmids was back calculated from the total CFU for each individual muscle sample. Figure 3B demonstrates the mean (ϮSEM; n ϭ 3) total plasmids that hybridized to GFP or GFP and Alkphos probes at each time point. At 14 days postinfection, GFP-and Alkphoscohybridizing plasmids were never observed. In contrast, at time points after 35 days, the percentage of GFP-and Alkphos-cohybridizing plasmids increased with time, and it reached 33% by 120 days (Fig. 3C) . Since bacterial plasmid rescue can occur only through AV.GFP3ori genomes, this data suggests that recombination between independent Alkphos and GFP rAAV genomes takes place over time. Furthermore, Mean (Ϯ SEM) number of rescued bacterial plasmids that hybridized either to GFP alone or to both GFP and Alkphos probes, following transformation of one-fifth of the Hirt DNA. These numbers were calculated from the percentages of plasmids hybridizing to GFP and/or Alkphos and the total CFU plating efficiency derived from the original transformation. In total, three independent muscle samples were analyzed, for a total of 60 plasmids at each time point. (C) Mean (Ϯ SEM) percentage of GFP hybridization-positive rescued plasmids that also demonstrated hybridization to Alkphos. These data demonstrate an increase in the abundance of rescued GFP-and Alkphos-coencoding circular intermediates over time.
no bifunctional plasmids were rescued in bacteria following transformation of mixed Hirt DNA samples prepared from muscles individually infected with AV.Alkphos and AV. GFP3ori, demonstrating that concatamerization did not occur in bacteria but rather had to take place in vivo (data not shown). In summary, these results are consistent with previous studies demonstrating a time-dependent concatamerization of monomer circular rAAV genomes in muscle (5) .
To evaluate the ability of circular intermediates to express the transgenes, we performed transient-transfection studies in 293 cells with rescued circular intermediate plasmids (Fig. 4A  to C) . Between 85 and 90% of rescued plasmids hybridizing to GFP probes on slot blots also expressed the GFP transgene in this transfection assay (Fig. 4D) . The percentage of GFP-expressing plasmids that also expressed Alkphos rose over time in concordance with the hybridization data (Fig. 4D) . However, approximately 40 to 50% of plasmids which were hybridization positive for Alkphos did not express the Alkphos transgene. The explanation for this finding is presently unknown, but it may represent recombinational deletion of the Rous sarcoma virus promoter driving Alkphos expression which occurred during concatamerization at sites near the 5Ј ITR. These results demonstrate that intermolecular recombination between Alkphos-and GFP-derived circular intermediates occurs as part of the time-dependent concatamerization process of rAAV in muscle. To confirm that amplified plasmid stocks expressing both reporter genes were actually clonal (i.e., one plasmid rather than two independent plasmids resulting from in panel A) . Furthermore, the SphI site flanking an ITR was ablated in clone 5 (bands affected by this deletion are marked by asterisks in panel C). These deletions are not reflected in the size markings of the overall concatamer, since the exact region involved and/or the size of the deletion is unclear. Additionally, chemical sequence evidence for rescued circular intermediates suggests that the predominant form of ITR arrays may be in a double-D structure (i.e., one ITR flanked by two D sequences rather than two ITRs) (unpublished data), and hence ITR arrays containing fragments may appear 147 bp shorter than indicated. However, to more easily depict the orientations of viral genomes, we have indicated the positions of 5Ј and 3Ј ITRs rather than representing a single ITR at these junctions. contamination), a select number of bacterial clones expressing both transgenes were reisolated and the transfection assays were repeated. In all cases, plasmids expressing the two reporter genes remained clonal through two rounds of bacterial cloning. Hence, we conclude that dual reporter expression was not due to contamination of independent GFP-and Alkphosexpressing plasmids.
Concatamerization of AAV circular intermediates occurs through uniform intermolecular recombination between ITRs of independent viral genomes. To better understand the mechanisms of circular concatamer formation, we performed detailed structural analysis of five bifunctional circular concatamers isolated from rAAV-infected muscle samples. As previously described for the AV.GFP3ori genome (5), the conversion of monomeric circular AAV genomes to large multimeric circular concatamers with a predominant head-to-tail structure increased with time in muscle (data not shown). To evaluate the structure of bifunctional circular concatamers, we performed restriction enzyme mapping and Southern blotting against 32 P-labeled GFP, Alkphos, and ITR probes. The results from five analyzed plasmids demonstrated between three and six genomes within these circular concatamers. Two rep- (5), head-to-tail oriented genomes could be seen in all isolated concatamers. However, several examples of head-to-head and tail-to-tail genome combinations of AV.Alkphos and AV.GFP3ori were also seen. Since head-to-head and tail-totail genome concatamers were never seen in muscles infected with AV.GFP3ori alone, we conclude that there must be a selective disadvantage for bacterial replication when ori sequences are in either of these conformations. However, since the AV.Alkphos genomes do not contain a bacterial origin of replication, we feel that this orientation is permitted in chimeric concatamers. Second, noticeable deletions and/or losses of restriction sites close to ITRs were noted in both examples shown in Fig. 5 . It is not known whether deletions close to the ITR are a common event in the concatamerization process, but if so, this could account for the fact that only 60% of GFP-and Alkphos-hybridizing circular intermediates also expressed the Alkphos transgene.
DISCUSSION
Concatamerization of rAAV in integrated proviral genomes has been long recognized. Recently, the association of this concatamerization process with the formation of high-molecular-weight circular genomes in muscle has suggested that this process may also be important in episomal persistence. Our findings demonstrating rescue of independent viral genomes within the same circular concatamer suggest that this process of concatamerization occurs through intermolecular recombination. Furthermore, previous findings demonstrating predominantly monomeric circular concatamers in muscle at 14 days (5) correlate with the present results demonstrating only GFP-expressing rescued circular intermediates at this time point. Together with the fact that bifunctional rescued circular concatamers increase with time, these results suggest that large concatamers form, at least in part, by recombination of monomeric circular precursor genomes. Alternative mechanisms involving the generation of circular concatamers from linear single-or double-stranded DNA templates may also contribute to the appearance of bifunctional circular genomes and cannot be ruled out in the present study. However, since an alternative model of concatamerization by rolling-circle replication would be expected to yield only GFP-expressing rescued plasmids in our model system, this mechanism cannot be solely responsible for concatamerization, if it exists at all.
Based on the structural analysis of these bifunctional circular intermediates, recombination between monomeric rAAV genomes undoubtedly is facilitated through ITR sequences. Directionality of this recombinational event appears to play less of a significant role than previously hypothesized (5), since head-to-tail-, head-to-head-, and tail-to-tail-oriented intermolecular concatamers were found. However, the most abundant orientation of ITRs was in a head-to-tail fashion. The extent of various genome orientations in circular concatamers may be affected by the percentages of flip and flop ITR structures within our amplified virus and/or by a selective disadvantage to bacterial replication origins in direct orientation. In addition, the extent to which recombination within ITR regions occurs in bacteria is presently unknown and may account for the deletions and/or restriction site losses near ITR arrays. However, serial passaging of bifunctional circular AAV genomes in bacteria has suggested that the structure of these large concatamers is impressively stable in bacteria.
In summary, these studies have increased our understanding of mechanisms involved in rAAV transduction and genome conversion. Ultimately this knowledge may lead to methods of increasing the utility of rAAV vectors for gene therapy.
